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NOMENCLATURE 

The following nomenclature will be used in this article: 

• Names of genes are written in italicized upper-case letters, e.g., ABI4. 

• Names of proteins are written in non-italicized upper-case letters, e.g., ABI4. 

• Names of mutants are written in italicized lower-case letters, e.g., abi4. 

The juvenile-to-adult and vegetative-to-reproductive phase transitions are major 
determinants of plant reproductive success and adaptation to the local environment. 
Understanding the intricate molecular genetic and physiological machinery by which 
environment regulates juvenility and floral signal transduction has significant scientific 
and economic implications. Sugars are recognized as important regulatory molecules that 
regulate cellular activity at multiple levels, from transcription and translation to protein 
stability and activity. Molecular genetic and physiological approaches have demonstrated 
different aspects of carbohydrate involvement and its interactions with other signal 
transduction pathways in regulation of the juvenile-to-adult and vegetative-to-reproductive 
phase transitions. Sugars regulate juvenility and floral signal transduction through their 
function as energy sources, osmotic regulators and signaling molecules. Interestingly, 
sugar signaling has been shown to involve extensive connections with phytohormone 
signaling. This includes interactions with phytohormones that are also important for the 
orchestration of developmental phase transitions, including gibberellins, abscisic acid, 
ethylene, and brassinosteroids. This article highlights the potential roles of sugar-hormone 
interactions in regulation of floral signal transduction, with particular emphasis on 
Arabidopsis thaliana mutant phenotypes, and suggests possible directions for future 
research. 
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INTRODUCTION 

The greatest advances in our understanding of the genetic regu- 
lation of developmental transitions have derived from studying 
the vegetative-to-reproductive phase transition in several dicot 
and monocot species. This has led to the elucidation of multiple 
environmental and endogenous pathways that promote, enable 
and repress floral induction (reviewed in Matsoukas et al., 2012). 
The photoperiodic (Kardailsky et al, 1999; Kobayashi et al, 1999) 
and vernalization (Schmitz et al, 2008) pathways regulate time to 
flowering in response to environmental signals such as daylength, 
light and temperature, whereas the autonomous (Jeong et al., 
2009), aging (Yang et al, 2013; Yu et al, 2013) and gibberellin 
(GA) -dependent (Porri et al, 2012) pathways monitor endoge- 
nous indicators of the plant's age and physiological status. In 
addition, other factors and less characterized pathways also play 
a role in regulation of floral signal transduction. These include 
ethylene (Achard et al, 2006), brassinosteroids (BRs; Domagalska 



et al, 2010), salicylic acid (Jin et al, 2008) and cytokinins (D'aloia 
et al.,2011). 

The photoperiodic pathway is probably the most conserved 
of the floral induction pathways. It is known for its promo- 
tive effect by relaying light and photoperiodic timing signals to 
floral induction (reviewed in Matsoukas et al, 2012). This path- 
way involves genes such as PHYTOCHROMES {PHYs; Sharrock 
and Quail, 1989; Clack et al, 1994) and CRYPTOCHROMES 
{CRYs; Ahmad and Cashmore, 1993; Guo et al, 1998; Kleine 
et al, 2003), which are involved in the regulation of light sig- 
nal inputs. Other genes such as GIGANTEA (G7; Fowler et al., 
1999), CIRCADIAN CLOCK ASSOCIATED 1 {CCAl; Wang et al, 
1997), and LATE ELONGATED HYPOCOTYL {LHY; Schaffer 
et al., 1998) are components of the circadian clock, whereas 
CONSTANS (CO), FLOWERING LOCUS T {FT; Kardailsky 
et al, 1999; Kobayashi et al, 1999), TWIN SISTER OF FT 
{TSF; Yamaguchi et al, 2005), and FLOWERING LOCUS D {FD; 
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Abe et al., 2005) encode proteins that specifically regulate floral 
induction. The actions of all pathways ultimately converge to con- 
trol the expression of so-called floral pathway integrators (FPIs), 
which include FT (Corbesier et al., 2007), TSF (Yamaguchi et al., 
2005), SUPPRESSOR OF CONSTANSl {SOCl; Yoo et al, 2005), 
and AGAMOUS-LIKE24 {AGL24; Lee et al, 2008; Liu et al, 2008). 
These act on floral meristem identity (FMI) genes LEAFY (LEY; 
Lee et al, 2008), FRUITFUL {FUL; Melzer et al, 2008), and 
APETALAl {API; Wigge et al, 2005; Yamaguchi et al, 2005), 
which result in floral initiation. On the other hand, pathways that 
enable floral induction regulate the expression of floral repres- 
sors or translocatable florigen antagonists, known as antiflorigens 
(reviewed in Matsoukas et al, 2012). The pathways that regu- 
late the floral repressor FLOWERING LOCUS C (ELC) are the 
best-characterized (reviewed in Michaels, 2009). 

The vegetative-to-reproductive phase transition is preceded 
by the juvenile-to-adult phase transition within the vegetative 
phase (reviewed in Poethig, 1990, 2013; Matsoukas et al, 2013; 
Matsoukas, 2014). During the juvenile phase plants are inca- 
pable of initiating reproductive development and are insensitive 
to environmental stimuli such as photoperiod and vernaliza- 
tion, which induce flowering in adult plants (Matsoukas et al, 
2013; Matsoukas, 2014; Sgamma et al, 2014). The juvenile- 
to- adult phase transition is accompanied by a decrease in 
micro RNA 156 (miR156A/miR156C) abundance and a concomi- 
tant increase in abundance of miR172, as well as the SQUAMOSA 
PROMOTER BINDING PROTEIN-LIKE {SPL3/4/5) transcrip- 
tion factors (TPs; Wang et al, 2009; Wu et al, 2009; Jung et al, 
2011, 2012; Kim et al., 2012). Expression of miR172 activates 
FT transcription in leaves through repression of AP2-like tran- 
scripts SCHLAFMUTZE (SMZ), SCHNARCHZAPFEN (5NZ), 
and TARGET OF EAT 1-3 {TOEl-3; Jung et al, 2007, 2011; 
Mathieu et al, 2009), whereas the increase in SPLs at the shoot 
apical meristem (SAM), leads to the transcription of FMI genes 
(Schwab et al, 2005; Schwarz et al, 2008; Wang et al, 2009; 
Yamaguchi et al, 2009). Therefore, from a molecular perspec- 
tive juvenility can be defined as the period during which the 
abundance of antiflorigenic signals such as miR156/miR157 is 
sufficiently high to repress the transcription of FT and SPL genes 
(Matsoukas, 2014). 

Carbohydrates serve diverse functions in plants ranging from 
energy sources, osmotic regulators, storage molecules, and struc- 
tural components to intermediates for the synthesis of other 
organic molecules (reviewed in Rolland et al, 2006; Smeekens 
et al, 2010; Eveland and Jackson, 2012). Carbohydrates also 
act as signaling molecules (Moore et al., 2003) and by their 
interaction with mineral networks (Zakhleniuk et al., 2001; 
Lloyd and Zakhleniuk, 2004) affect the juvenile -to -adult and 
vegetative-to-reproductive phase transitions (Matsoukas et al, 
2013). Interestingly, sugar signaling has been shown to involve 
extensive interaction with hormone signaling (Zhou et al, 1998; 
Arenas-Huertero et al., 2000; Moore et al., 2003). This includes 
interactions with hormones that are also important for the regu- 
lation of juvenile -to -adult and vegetative -to -reproductive phase 
transitions, including GAs (Yuan and Wysocka-Diller, 2006), 
abscisic acid (ABA; Arenas-Huertero et al, 2000; Laby et al, 
2000), ethylene (Zhou et al, 1998), and BRs (Goetz et al, 2000; 



Schluter et al., 2002). Several molecular mechanisms that medi- 
ate sugar responses have been identified in plants (reviewed in 
Rolland et al., 2006; Smeekens et al., 2010). The best examples 
involve hexokinase (HXK; Moore et al., 2003), trehalose-6- 
phosphate (Tre6P; Van Dijken et al., 2004) and the sucrose non- 
fermenting 1 -related protein kinase 1 (SnRKl; Baena-Gonzalez 
et al., 2007) complex. SnRKl has a role when sugars are in 
extremely limited supply, whereas HXK and Tre6P play a role in 
the presence of excess sugar. 

The panoptic themes of floral signal transduction, sugar 
sensing and signaling, and hormonal regulation of growth and 
development have attracted much attention, and many compre- 
hensive review articles have been published (Rolland et al, 2006; 
Amasino, 2010; Smeekens et al., 2010; Depuydt and Hardtke, 
2011; Huijser and Schmid, 2011; Andres and Coupland, 2012). 
This article, however, focuses specifically on sugar-hormone 
interactions and their involvement in regulation of floral signal 
transduction, with particular emphasis on Arabidopsis thaliana 
mutant phenotypes. The review is divided into two sections: 
the first provides several pieces of evidence on the interac- 
tions between sugars and different hormones in floral induction; 
whereas the second describes potential mechanisms that might be 
involved in regulation of floral signal transduction, in response to 
sugar-hormone interplay. 

SUGAR/HORMONE INTERACTIONS AND FLORAL SIGNAL 
TRANSDUCTION 

THE SUGAR AND GIBBERELLIN SIGNALING CROSSTALK 

GAs are a group of molecules with a tetracyclic diterpenoid struc- 
ture that function as plant growth regulators influencing a range 
of developmental processes. Several Arabidopsis mutants in the 
GA signal transduction and GA biosynthesis pathway have been 
isolated (Table 1; Peng and Harberd, 1993; Peng et al, 1997; 
Hedden and Phillips, 2000). Null mutations in the early steps 
of GA biosynthesis (e.g., gal -3) do not flower in short days 
(SDs), whereas weak mutants (e.g., gal-6; Koornneef and Van 
Der Veen, 1980), or GA signal transduction mutants [e.g., gib- 
berellic acid insensitive (gai)], flower later than wild type (WT; 
Peng and Harberd, 1993). In contrast, mutants with increased 
GA signaling such as rga like2 {rgl2; Cheng et al., 2004; Yu et al, 
2004) and spindly {spy; Jacobsen and Olszewski, 1993) have an 
early flowering phenotype. Evidence has been provided that both 
RGL2 and SPY might be involved in carbohydrate regulation of 
floral initiation, as mutation in both loci confers insensitivity 
to inhibiting glucose concentrations (Yuan and Wysocka-Diller, 
2006). SPY, an O-linked 5-N-acetylglucosamine transferase was 
shown to interact with the GI in yeast (Tseng et al, 2004). Mutants 
impaired in GI have a late flowering and starch- excess pheno- 
type (Eimert et al, 1995). The interaction between SPY and GI 
suggests that functions of these proteins might be related, and 
that SPY might be a pleiotropic circadian clock regulator (Tseng 
et al, 2004; Penfield and Hall, 2009). In addition, the early flow- 
ering phenotype of the glucose insensitive spy may be via FT, 
as spy4 suppresses the reduction of CO and FT mRNA in gi2 
genotypes (Tseng et al, 2004). This indicates that SPY functions 
in the photoperiod pathway upstream of CO and FT, involv- 
ing glucose and GA metabolism-related events. Interestingly, it 
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has been suggested that SPY4 may play a central role in the 
regulation of GA/cytokinin crosstalk during plant development 
(Greenboim-Wainberg et al, 2005). 

Lines of evidence have demonstrated that there is a syn- 
ergistic interaction between GAs and sucrose in the activa- 
tion of LFY transcription (Blazquez et al, 1998; Eriksson 
et al, 2006). These pieces of evidence suggest a further link 
between GAs with sugar metabolism- related events and flo- 
ral signal transduction. The effects of GA- sugar interplay 
on regulation of floral induction might be transduced by 
the GIBBERELLIN INSENSITIVE DWARFl (GIDl), which act 
upstream of the DELLA (Feng et al, 2008; Harberd et al, 2009), 
and PHYTOCHROME-INTERACTING FACTOR {PIE; De Lucas 
et al, 2008; Nozue et al, 2011; Stewart et al, 2011) family of 
bHLH factors. 

THE SUGAR-ABA SIGNALING CROSSTALK 

ABA is regarded as a general inhibitor of floral induction. This 
is indicated in Arabidopsis where mutants deficient (e.g., aba2, 
aba3) in or insensitive [e.g., aha insensitive4 {abi4)] to ABA are 
early flowering (Table 1; Martinez-Zapater et al, 1994). On the 
other hand, mutants with high ABA levels [e.g., no hydrotropic 
response (nhrl)] flower late or even later than WT under non- 
inductive SDs (Quiroz-Figueroa et al., 2010). However, many 
mutations affecting sugar signaling are allelic with components 
of the ABA synthesis or ABA transduction pathways. It has been 
shown that aba2, aba3, and abi4 mutants are allelic to sugar- 
insensitive mutants glucose insensitivel (gin 1) /impaired sucrose 
induction4 {isi4)/sugar insensitivel {sisl; Laby et al, 2000; Rook 
et al, 2001), gin5/isi2/sis3 (Arenas-Huertero et al, 2000) and 
gin6/isi3/sis5/sun6 (Arenas-Huertero et al., 2000), respectively. In 
addition, ABA accumulation and transcript levels of several ABA 
biosynthetic genes are significantly increased by glucose (Cheng 
et al, 2002). These lines of evidence indicate that signaling 
pathways mediated by ABA and sugars may interact to regu- 
late juvenility and floral signal transduction (Matsoukas et al., 
2013). 

The downstream effects of the sugar- ABA interaction might 
be mediated via the circadian clock. Photoperiodic induction 
requires the circadian clock to measure the duration of the 
day or night (reviewed in Harmer, 2009; Imaizumi, 2010). The 
clock modulates the expression of CO, the precursor of ET that 
accelerates flowering in response to several pathways (reviewed 
in Turck et al, 2008). It has been shown that glucose has a 
marked effect on the entrainment and maintenance of robust cir- 
cadian rhythms (Dalchau et al., 2011; Haydon et al., 2013). In 
addition, circadian periodicity is also regulated by ABA via an 
unclear mechanism. This might be through ABI3 (allelic to sislO; 
Huang et al, 2008) by binding to the clock component TIMING 
OE CAB EXPRESSIONl (TOCl; also called ABB Interacting 
Protein I; Kurup et al., 2000; Pokhilko et al., 2013), and/or reg- 
ulation of CCAl mRNA transcription levels by ABA (Hanano 
et al, 2006). Thus, gating of circadian clock sensitivity by the 
ABA and sugar crosstalk may constitute a regulatory module 
that coordinates the circadian clock with additional endogenous 
and environmental signals to regulate juvenility and floral signal 
transduction. 



THE SUGAR-ETHYLENE SIGNALING CROSSTALK 

Ethylene is another example of a phytohormone that regu- 
lates juvenility (Beyer and Morgan, 1971) and floral induction 
(Bleecker et al., 1988; Guzman and Ecker, 1990). Arabidopsis 
mutants impaired in ethylene signaling [e.g., ethylene insensitivel 
{ein2), ein3-l] or perception [e.g., ethylene responsel (etrl-l)], 
flower late in inductive LDs (Table 1). This late flowering pheno- 
type is significantly enhanced under non-inductive SDs. Mutants, 
which over-produce ethylene [e.g., ethylene overproducerl (etol), 
eto2-l] flower at the same time or slightly earlier than WT under 
LDs, but dramatically later in SDs (Bleecker et al, 1988; Guzman 
and Ecker, 1990; Chen and Bleecker, 1995; Achard et al, 2007). 
Ample evidence has shown that ethylene can influence plant sen- 
sitivity to sugars. Ethylene -insensitive plants are more sensitive to 
endogenous glucose, whereas application of an ethylene precursor 
decreases glucose sensitivity (Zhou et al., 1998; Leon and Sheen, 

2003) . However, this interaction may also function in an antithet- 
ical way as several ethylene biosynthetic and signal transduction 
genes are repressed by glucose (Yanagisawa et al., 2003; Price et al., 

2004) . 

Ethylene sensing and signaling pathways are also tightly inter- 
connected with those for sugar and ABA (reviewed in Gazzarrini 
and Mccourt, 2001; Leon and Sheen, 2003). Lines of evidence 
have shown that this crosstalk modulates the vegetative- to - 
reproductive phase transition. This is suggested by the glucose 
hypersensitive phenotype displayed by the late flowering mutants 
ein2 [allelic to enhanced response to aba3 {era3)], ein3 and etrl 
(Chang et aL, 1993; Zhou et al, 1998; Alonso et al, 1999; Cheng 
et al, 2002; Yanagisawa et al, 2003). Activation of the ethylene 
response [either in the presence of exogenous ethylene or by 
means of the etol or constitutive triple responsel (ctrl) muta- 
tions] attenuates the glucose effects (Zhou et al., 1998; Gibson 
et al, 2001). Further support for the sugar- ethylene crosstalk 
involvement on flowering time is derived by the epistatic analy- 
sis of the etrl ginl (aba2) and ein2 ginl (aba2) double mutants 
in the elucidated role of GINl (ABA2) in the ethylene signal 
transduction cascade. The etrl ginl {aba2) and ein2 ginl {aba2) 
double mutants flower earlier than etrl and ein2 single mutants, 
respectively (Cheng et al., 2002). The early flowering and glu- 
cose resistance phenotypes of the double mutants etrl ginl {aba2) 
and ein2 ginl {aba2) under LDs, may suggest that ethylene 
affects glucose signaling, partially, through ABA to regulate flo- 
ral induction (Zhou et al., 1998; Cheng et al., 2002; Ghassemian 
et al, 2006). Overexpression of ETHYLENE RESPONSE2 {ETR2; 
Sakai et al, 1998) receptor in Oryza sativa reduced ethylene 
sensitivity and delayed floral induction (Wuriyanghan et al., 
2009). Conversely, disruption of ETR2 by T-DNA or with RNA 
interference (RNAi) conferred enhanced ethylene sensitivity and 
early flowering. Moreover, links of the ethylene signaling with 
starch accumulation responses and activation of sugar trans- 
porter genes have also been observed. ETR2 promoted starch 
accumulation, whereas a monosaccharide transporter gene was 
suppressed in the ETR2 over- expression lines (Wuriyanghan et al., 
2009). Interestingly, when expression of ETR2 was reduced in 
the OSetr2 T-DNA and RNAi lines, starch failed to accumulate, 
whereas sugar translocation was enhanced (Wuriyanghan et al, 
2009). 



www.frontiersin.org 



August 2014 | Volume 5 | Article 218 | 5 



Matsoukas 



Sugar-hormone interactions and floral signal transduction 



Ethylene has dramatic effects on flowering time of mutants 
involved in activation of the ethylene response under SD 
conditions (Achard et al, 2007). CONSTITUTIVE TRIPLE 
RESPONSEl (CTRl) is a major negative regulator of ethylene 
signaling that is allehc to GIN4 (Cheng et al, 2002) and SISl 
(Gibson et al, 2001). Loss-of-function Ctrl mutations result in the 
constitutive activation of the ethylene response pathway, which 
indicates that the encoded protein acts as a negative regula- 
tor of ethylene signaling (Kieber et al., 1993). Under LDs Ctrl 
has a flowering phenotype similar to WT. In antithesis with the 
other glucose insensitive genotypes, Ctrl plants flower dramat- 
ically later than WT in SDs. This could be due to impaired 
involvement of GA pathway, which systematize floral initiation 
in SDs. Interestingly, evidence has been provided that ethylene 
dramatically prolongs time to flowering in Ctrl under SDs by 
repressing the up-regulation of LEY and SOCl transcript levels 
via a DELLA- dependent mechanism, and decreasing the levels of 
the endogenous bioactive GAs (Achard et al, 2007). 

THE SUGAR-BRASSINOSTEROIDS SIGNALING CROSSTALK 

BRs are steroid hormones known to control various skotomor- 
phogenic (Chory et al, 1991) and photomorphogenic (Li et al, 
1996) aspects of development. Genetic and physiological analyses 
have revealed the critical role of BRs in floral induction (Table 1), 
establishing a new floral signal transduction pathway. The promo- 
tive role of BRs on floral induction is exerted by the late flowering 
phenotype of BR- deficient mutants brassinosteroid-insensitivel 
{brsl; Clouse et al., 1996; Li and Chory, 1997), brassinosteroid- 
insensitive2 {bin2; Li et al., 2001), deetiolated2 {det2; Chory 
et al, 1991), constitutive photomorpho genesis and dwarfism {cpd; 
Szekeres et al, 1996; Domagalska et al, 2007) and brassinos- 
teroid, light and sugar 1 {blsl; Laxmi et al., 2004). Conversely, 
mutations impaired in metabolizing BRs to their inactive forms, 
phyB-activation-tagged suppressor 1 {basl; Neff et al, 1999) and 
suppressor ofphyB-4 7 {sob7; Turk et al., 2005) flower early (Turk 
et al., 2005). It has been reported that the response to exogenously 
applied BRs differs depending on the light quality and quantity 
(Neff et al, 1999), suggesting a potential interaction with sugars 
via light-mediated pathways (Goetz et al, 2000; Schluter et al, 
2002). In addition, it has been demonstrated that BR responses 
are related to hormones such as GA (Gallego-Bartolome et al., 
2012), ABA (Domagalska et al, 2010), and ethylene (Turk et al, 
2005), which participate in sugar signaling. Furthermore, the 
sugar hypersensitive phenotype of the late flowering blsl can be 
repressed by exogenous BRs (Laxmi et al, 2004). Moreover, the 
late flowering mutant det2, as other constitutively photomor- 
phogenic mutants have been found to have an altered response to 
applied sugars (reviewed in Chory et al., 1996; Laxmi et al., 2004, 
and references therein). Collectively, these data indicate interplay 
between BRs and sugars in regulation of floral signal transduc- 
tion. The downstream effects of this crosstalk might be mediated 
through BRASSINAZOLE RESISTANTl (BZRl) and BZR2, as 
well as additional interacting TFs. Both BZRl and BZR2 interact 
with PIE (Oh et al, 2012) and the GA signaling DELLA proteins 
(Oh et al., 2012). In addition, the BR- sugar interaction may also 
be indirectly involved in modulation of juvenility and floral sig- 
nal transduction by influencing the photoperiodic pathway via 



the circadian clock, as BR application shortens circadian rhythms 
(Hanano et al, 2006). 

HOW DOES THE CROSSTALK BETWEEN SUGARS AND 
HORMONES REGULATE THE FLORAL SIGNAL 
TRANSDUCTION 

It is proposed that the effects of the sugar-hormone interplay 
might be mediated by hormones that enable tissues to respond to 
sugars, and/or hormone and sugar signaling, although essentially 
separate, could converge and crosstalk through specific regula- 
tory complexes (Figure 1). One regulatory mechanism might be 
through metabolic enzymes, which also function as active mem- 
bers of transcriptional or posttranscriptional regulatory com- 
plexes (Cho et al, 2006). This cross-functionalization could be 
involved in mechanisms that modulate juvenility and floral signal 
transduction, by allowing interplay between different sugar and 
hormone response pathways or receptors. 

THE HXK1-miR156 REGULATORY MODULE 

Sugar signals can be generated either by carbohydrate concen- 
tration and relative ratios to other metabolites, such as hor- 
mones (Arenas-Huertero et al, 2000) and carbon-nitrogen ratio 
(Corbesier et al, 2002; RoUand et al, 2006), or by flux through 
sugar- specific transporters (Lalonde et al., 1999) and/or sensors 
(Moore et al., 2003). Sugar sensors perceive the presence of dif- 
ferent sugars and initiate downstream signaling events. Glucose 
(Moore et al, 2003), fructose (Cho and Yoo, 2011; Li et al, 
2011), sucrose (Seo et al, 2011), Tre6P (Van Dijken et al, 2004), 
and maltose (Niittyla et al, 2004; Stettler et al, 2009) function 
as cellular signaling molecules in specific regulatory pathways, 
which modulate juvenility and floral signal transduction. Of 
these signaling molecules, glucose has been studied the most 
comprehensively in plants. 

Glucose-mediated floral signal transduction is largely depen- 
dent on HXK, HXK- independent, and SnRKl signaling pathways. 
One possibility is that HXKl controls juvenility and floral sig- 
nal transduction by regulating the expression of miR156 (Yang 
et al, 2013). In this scenario, HXKl that is largely dependent on 
ABA biosynthesis and signaling components (Zhou et al, 1998; 
Arenas-Huertero et al., 2000) promotes miR156 expression under 
low sugar levels. Above a threshold concentration, the circadian 
fluctuations of glucose, one of the final outputs of starch degra- 
dation (Stitt and Zeeman, 2012) that is regulated by starch and 
Tre6P (Martins et al., 2013) promotes GA biosynthesis (Cheng 
et al, 2002; Yu et al, 2012; PapareUi et al, 2013) and blocks 
HXKl activity, resulting in downregulation of miR156 expres- 
sion (Yang et al., 2013; Yu et al., 2013). Interestingly, defoliation 
experiments (Yang et al., 2011, 2013; Yu et al., 2013) show that 
removing the two oldest leaves results in increased miR156 lev- 
els at the SAM and a prolonged juvenile phase length. The fact 
that glucose, fructose, sucrose and maltose, partially, reverse this 
effect (Wang et al, 2013; Yu et al, 2013), indicates that pho- 
tosynthetically derived sugars are potential components of the 
signal transduction pathway that repress miR156 expression in 
leaf primordia. 

It seems highly probable that the differential regulation of 
SnRKl by ABA and GAs (Bradford et al, 2003), and the 
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FIGURE 1 I Multiple interactions among the components involved in 
floral signal transduction in response to sugar-hormone interplay. 

Components of the pathways are grouped into those that promote (|) 
and those that repress (±) floral signal transduction. Sugars affect the 
vegetative-to-reproductive phase transition through their function as 
energy sources, osmotic regulators, signaling molecules, and by their 
interaction with mineral and phytohormone networks (Ohto et al., 2001; 
Lloyd and Zakhleniuk, 2004; Matsoukas et al., 2013). Starch 
metabolism-related events have a key role in developmental phase 
transitions (Corbesier et al., 1998; Matsoukas et al., 2013). The actions of 
all pathways ultimately converge to control the expression of a small 



number of so-called floral pathway integrators (FPIs), which include 
FLOWERING LOCUS T (FT; Kardailsky et al., 1999; Kobayashi et al., 
1999) and SUPPRESSOR OF C0NSTANS1 {SOCI; Yoo et al., 2005). 
These act on floral meristem identity (FMI) genes such as LEAFY (LEY; 
Lee et al., 2008) and APETALA1 {API; Wigge et al., 2005; Yamaguchi 
et al., 2005), which result in floral induction. The main components and 
interactions are depicted in the diagram, but additional elements have 
been omitted for clarity. Comprehensive reviews are available (Smeekens 
et al., 2010; Depuydt and Hardtke, 2011; Huijser and Schmid, 2011; 
Andres and Coupland, 2012; Matsoukas et al., 2012) and should be 
referred to for additional pieces of information. 



antagonism between ABA and GA, which function in an opposite 
manner, to activate specific cis- acting regulatory elements present 
in ABA- and GA- responsive promoters respectively (reviewed in 
Yamaguchi- Shinozaki and Shinozaki, 2005), may also be involved 
in this regulatory module (Achard et al., 2006; Yu et al., 2012; 
Wang etal, 2013). 

THE TRE6P-miR156 REGULATORY MODULE 

Tre6P is a metabolite of emerging significance in plant develop- 
mental biology, with hormone-like metabolic activities (reviewed 
in Smeekens et al., 2010; Ponnu et al., 2011). It has been pro- 
posed that Tre6P signals the availability of sucrose (Lunn et al., 
2006), and then through the SnRKl regulatory system orches- 
trates changes in gene expression that enable sucrose to reg- 
ulate juvenility and floral signal transduction. In Arahidopsis, 
Tre6P is synthesized from glucose-6-phospate by TREHALOSE 
PHOSPHATE SYNTHASE 1 (TPSl; Van Dijken et al, 2004). Non- 
embryo -lethal weak alleles of tpsl exhibit late flowering (Van 
Dijken et al., 2004) and ABA hypersensitive phenotypes (Gomez 
et al, 2010). Interestingly, the Tre6P pathway controls the expres- 
sion of SPL3, SPL4, and SPL5 at the SAM, partially via miR156, 
and partly independently of the miR156-dependent pathway via 
FT (Wahl et al, 2013). Several pieces of evidence suggest that 



Tre6P inhibits SnRKl when sucrose is above a threshold con- 
centration (Polge and Thomas, 2007; Zhang et al, 2009). When 
the sucrose content decreases, with Tre6P decreasing as well, 
SnRKl is released from repression, which leads to the induc- 
tion of genes involved in photosynthesis-related events, so that 
more carbon is made available (Delatte et al, 2011). It has been 
shown that the Tre6P- SnRKl module acts through a mechanism 
involving ABA (Gomez et al., 2010) and sugar metabolism (Van 
Dijken et al., 2004) to regulate several developmental events. The 
key link between sugars and ABA perception is exemplified by 
the ABI genes (Eveland and Jackson, 2012; Wang et al., 2013). 
Interestingly, ABM encodes an AP2 domain TF that is required 
for normal sugar responses during the early stages of develop- 
ment (Arenas-Huertero et al, 2000; Laby et al, 2000; Rook et al, 
2001; Niu et al, 2002). Taken together, these data could provide 
another mechanistic link, at the molecular level, on how the ABA- 
sugar interplay might be involved in regulation of juvenility and 
floral signal transduction. 

PERSPECTIVES 

Sugars serve diverse functions in plants ranging from energy 
sources, osmotic regulators, storage molecules, and structural 
components to intermediates for the synthesis of other organic 
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molecules. Sugars also act as signaling molecules and by their 
interaction with mineral and hormonal networks affect several 
aspects of growth and development. 

There has been a long-standing interest in the role played 
by sugars and hormones in regulation of the juvenile -to -adult 
and vegetative-to-reproductive phase transitions. It has been pro- 
posed that the effects of sugar-hormone interactions might be 
mediated by key hormones that enable tissues to respond to sug- 
ars, and/or hormone and sugar signaling could converge and 
crosstalk through specific regulatory complexes and/or metabolic 
enzymes. However, how sugar and hormone signals are integrated 
into genetic pathways that regulate the juvenile -to -adult and 
vegetative-to-reproductive phase transitions is still incompletely 
understood. Recent studies have shown that metabolic enzymes, 
ABA, GA and Tre6P may integrate into the miR156/5PL-signaling 
pathway. However, despite this progress, mechanistic questions 
remain. Future challenges include the further clarification of 
the antagonistic and agonistic interactions between the sugar- 
and hormone-derived signals in a spatio-temporal manner at 
the molecular level, and their link to other known important 
transcriptional regulatory networks. 
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